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ABSTRACT

Critical components for pulsed power conditioning
systems will be reviewed, Particular emphasis will be
placed on thise cor,ur-=nts requiring significant devel-
opment efforts. Capacitors, fo- example, are one of
the weakest clements ino higo-power pulsed aystems, es-
pecially when o,eration at high-repetition frequencies
for extenued periods of time are necessary. Switches
are by [ar the veakest active components of pulse power
systems., In particolar, opening switches are essen-
tially noneaistent for most applicstions. Insulation
in all systems and components requires development and
improvencnt. Efforts under way in technology base de-
velopment of pulse power components will be discussed.

INTROUDUCT JON

The development of repetitive-operation, long-
1ife, fast-discharge components is essential to many
fature bigh-energy spplications including nmennuclear or
directed energy weapons, isotope separation lasers,
short-pulse radar modulators, and electronic warfare
snd ccuntcrmeasure pulse geuerators.(1-6) Thr activi-
ties discussed in this review paper are in support of
the meeds in these areas and summarize much of the work
currently uander way in this coantry. The primary pur-
poses of these programs are to

@ determine qualitative component and system he-
bavior in t*e microsecond and shorte: multihertz
repetition rate, high di/Jdt discharge environ-
ment,

® understand, model, and eliminate the failuye
mochanism: that are observed in the above
environment, and

® develop, ip conjunction with industry, long-
1ife, reli:ble ~omponents for usc in the high
di/dt, multihertz systems,

There is a pressing need for the development of
very long life energy—transfer system components,(1,2,
1) As additions] appliceuiions of faat pulse power
techniques are concelved, eapeciolly in laser technol-
ogy, component spccifications become moure and more se-
vere, IHigh repetition raten, high peak and rms cur-
rents, and extremely high reliability arc but a few of
the difficult constraints., The haslc components in
pulsed power techunology are ¢npacitors, transforners,
and switches. HRecent progress in these areas will be
discusscd,

REIETITIVE COMPONENTS

Capacitors

The rotionsle in evaluating capacitor lechnologpy
provided by i{ndustry ju to determine and understand the
failure mechanisms and then work with the manufacturers
to develop advanced units.(2,3,5-7) This is in con-
trast to a hasic research program to develop new die-
lectrice and impregnants. HRather, progiams currently

asdnr way generally seek to determine the capacitor
systcm wonk points, the characteristic falluore meclha-
nisms, and the required dielectric characteristics com-
patible with multihertz, high di/dt discharges.(3.5,7)
The resultunt data base should provide cirection to fu-
tore basic dielectric system researck and developrent.
A patural rceult of these activitics Is tie dctermina-
tion of the opernting limits of present capacitor tech-
nology in different capacitor structures.(7,8)

Programs have heen under way in industry for sone
time, directed toward developing lightweight, high-
energy density repetition-rate capacitors (=100 HNz) for
burst-mode operation.(7) In thls sitoation the canaci-
tor must operate for a few minutes at a time and re-
cover during a several-hour quiescent period. Current-
ly, ~40 J/kg units are commercially available and in
use io military systems.(7) Significantly higher enesr-
gy density capacitors are in the developrmental stage
for cuntinuvus duty operstion.(6) It rcmains to be
seen just what is the limiting energy density for tkis
application, The point must be mede that ultimatc
achievahle energy densities may be application Jepend-
ent.(8,9) Thus, the user is cautioaned.

The other class of applications is those wherein
high-repetition rates (220 kHz) and multiyear lifetimes
arc Jdemanded al submicrosecond discharge times,(2,3)
These parameters for excimer laser isotcpe separation
lasers are summarized in Table I,

TADLE T

CAPACITOR TEST PARAMETER RANGES

Pasameter Value
Caprnclitance 0.5-2 nf
Voltage 10-100 kV
Discharge time 60-100 ns
Reveraal i0-15%
Pulse repetitionr frequency 0.1-5 kliz
Peak current 0.1-50 kA

Life (D99% confldence level) 10°~-10%* dischnarges
Necnrse recent thyration switch development has
indicated that a higher level of performance can Le
achicved by pulse charging, capacitor develupment must
be undertaken four both rcsonart charging (charging
time, v , ~1/prf) and pulse charging (v ¢ 5 ps) condi-
tions,(5) In addition, previous work shiwed a dramatic
increase in lifetimes for such pulse-charged capaci~
tors of the ceramic typo(14), and it is reasomble tn
postulate that this may well be a property of capsci-
tors In general, thus worthy of lnvestigation in {ts
own right. The general layout of such a dual mode tent
and evaluastion facility is presented in Fig. 1.(2,1)

Perhaps the wmont importanmt part of pulsed power
technology (s power conditioning. In the component de-
velopment laboratory, bhoth resonant and pulse trans-
former charging (command charging) are usad to fully
characterirze the behavior of discharge components.
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Jaborstory opecating system,

In the capascltor development progran for laser iso-
tope separation,(3) lincar resonant charge voltages of
S to 60 kV at repetition rates to 3000 pps arc avalla-
ble, With the use of saturating inductors, peak-chargoe
voltages of 73 kV are achleved, Pulse-forming-nmotwork
(PEN) capacitors np to 4 nF can be charged to 80 kV at
1000-pps repetition rates, At reducod operating param-
eters, capacitors of several microfarads can be oper
ated in the discharge circuit,

Pulse transformer chargiang extends the opersting
range of the facility tu a mazimum charge voltage of
120 kV at repetition ratra of 3000 pps. Capacgitor val-
ues up to 15 oF can he chrrged in2 to 10 ps., Vall-
pluog efficlencies of 85% are achitved vith present
pulse travsformer charging systems, and efficiencias of
Y90% are expevted in systems uader development.

Bacause the resonant snd pulse transfurmer charg-
ing systems are aompletely separate. s discharge clr-
cuit under Investigation cas be rapidly changed from
one to the other. The lumped equivalent circult for
one discharging capncitor is i)lustrated in Fig, 2.
Circuit parsmeters ure determined temporally during the
discharge pulss duration by solving the time~depandent
oirouit equation iterntively, thus identifying pulse
parametars havinmg tiwme varistions, Ficept for the nor-
mally espected time varying resistance of the thyratron
doring the discharge time, only a mondest depeudencs of
C_ with time has been obusrved, At this time, it i»
8ot clear that the latter is of amy sipgnificance, As
high time snd voltage resvliution are demanded, the data
are recorded on a mu'tichannel transjent digjtizer,
Thes each of five capacitor currents and voltagin ean

be moasured and rocorded sequentially by the daza-
acquisition system. A 100-kV voltags probe with a fre-
quoency response from 0-300 MHz has been developed for
measuring the circuit voltages.(13) Nanosecond re-
sponse from the carrent viewing resistors (CVR) and
voltage probes is required to momitor current fluctoa-
tions, and partial discharges (PD), in real time during
the charge and discharge of the capacitor under test.

The data-hardling capability of the dsts-scqiisi-
tion system allows calculation of the following pnrae
aters during discharge:

® Circuit comyonent impedanue

@ Conponent power flow

® Enorgy flow

® Equivalent series resistance of load
resistor

The resolution of xhe diagnostjo system is such
that a chapge in circuit parameter values of 0.5% cin
be detected.

In the davelopment of various high-voltage womgo-
nents, the area of prime interest is multihertz, loag-
1ife, low—indoctance capacitors. A major program to
fully zharacterize eapacitora designed for pulse duty
is in prcaress.(3) The motivation for pulse-capacitur
development is threefold:

® To obtain a data base to nnderstand the physics
and chemical processes affecting capacitor lifec.

® To develop low-loss, extremely long-life capac: -
tors ()10%3 shots).

® To interact with jindustry in designing capuci-
tors in the range of 1 to 20 nF, capable of
10-%A/nF pesk current ln 50- to 100-ns duration
discharges.

There are at lesst two configurations that meet
the low-loss requirements: silicon oil/polypropylene
and reconstituted mica-paper capacitors,

The oquivalent series resistance (ESR) is of prinme
importance in determining the loss of the capacitor dur-
ing the discharge pulse, The ESR measurement was ap-
proached from seversl directions. The conventional
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Fig. 2. Capagitor discharge aircuit,



method of derivang ESR from a rimgfng dlscharge wajs
used along with phase shift, Fourler scalysis, and tem-
psragure variation measursmonts. A direct method msing
circuit theory applied to monlinear, time-varying, sec—
ond-order circuits was also used. Results from all
methods ind<catsd an ESR <100 mQO. To make higher ac—
curacy ESR measuremonts at 50-kV, 1-kA pulse levels at
which the capacitors oparate. a mach higher maasurenent
resolution (~90.62%) would be meeded. In the polypro—
pylene.ssilicone oil capazitors 1PPSO-, dependence of
liferime on repetition rate has been determinsd as seen
an Fig. 3. The repetition—rate dependence i- dus to a
time-voltage stress relation currently secen orly 1n
short-pulse high di7dct circwmits. The two types of ca-
pacirors evaluated are illustrated in Fig. 4 for s
30G—pF, 30-kV PPSO aad 50-kV mica nnitr, both designed
for kiloampere peak currents at kilohcriz reperition
rates, with discharge times 100 =ns.

t Foil e

The failed PIS) capacitcrs, whaicn were csrefully
disascembled, failed for the following re-cons by ar-
proalnate p-rcentage:

ielegtric Nepradatjo

5% defecti-e fabricatinon
§% bulk diclectric fa.lare
90% diclccirie punch thigugh st fe1l ecze

The nunber of units that faile! dJue to defectine
fabricaticr 13 scmevba. abore average. The bulk 11e-
lectric capaciter failures oSceurred araund 19 dis-
charges and were usually Jdue to defects am the Jdieloc-
tric naterinl., The remainder. «nd the majority. of ¢
capaciters failced at the foil edge. The faalorc rech-
an1sp. 1llustratcd am I'tg. 5, coms.:-ts of craters an
the daelcectric at many places along the fo:l edae tlhat
cevertuall: eroded through the diclevtraic. Otncr on-
servad Jdamage. 1llustrated in F1g3. §. iuc.udes car.oni-
za:ton of voids i1n the dielectric beiseen the fcrls and
cratering at the fiil eJge.

Prejtycr—Nipendent ¥rgl=Tdge Namige

Ninety per ccunt of the t-i1l-cdge damaae o.curr:d
in the three cutsiJde wrars of tl. capacitrr pack tlat
were charged to the highest v-]ltage with respect to
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pol:zrrapylend silicone n1l 1s rated 30 kV, and
revcnstituted mica iy rated 20 kV. The volu-
wetric effici-ncy of the mica unit s super-
ior.

ground cr puck No. 1. T'= cepscator pack with the [~al-
edze [ailurrs was on the end of the cafmcitor conmect:d
tc the thyratron ancue. The fral vcltagpe on this end

of the capacitor changes Jrom the charge voltage

(=506 xV) tc zer> 13 arproramalcely 4 ns and t.us seec a
large value of 4\ Jt.

The damagcd wechanism may hFave somc relationm to
the transient .urrcnt distr.haticn duriog capacitor Jdis-
charge. The capacitor pack can be used 1o .l.usrrare
the transient current flow. The discharge [requency 13
cn the order of 1% 7. The skin depth of the aluminum
fril at 18 MAz s spproximitely equal to the foil thaick-
ness or .5 oil, Thas the charge steored in the inter:i—
or &f the capacitor wannot fic~ thr~ugh the our.r fcils
or the m-h thicker aod higher zesistavity sdlder conm-
necticns &n tof of the | Lo tne edz~ of tane capaci-
toer. The charge therofore tead- to fiuvw in a spiral
Prth 10 the pecl edge in a strif transmaission line
forred by twd capacitor foils,

Transmission-line effccrs mav b~ responsible fe.
dvnawic vultage and thus clectric field transients d.-
ing dischutpe. t14) This sugg~sis that duri e
char;«. LkLe peak elrceric field mas be Bigniscantly
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highor than the average dc electric field. New capac-
itor psck comnection dcsigns that minimize current flow
proolems are being manufactured for test.

A second mechanism, which may prodmce the location-
dependent PD damage, is the time rate of chamge of
voltage (dV/dt) on the capacitor foil or pack with re-
spect to ground, The zapacitors tested were fabricated
with an ir ulaiing phenolic case. Thus the outside feow
foi" . cially in a low—ipnductance circuit, are ca-
pac .vely coopled to ground through stray capacitance.
Th. siray ospacitance is charged during the relatively
slow resonant (1 ms) oharging time of the test capaci-
tor, Simultaneously, the high field at the edge of the
foil can inject free oharge into the margin reglon of
the cspacitor. When the capacitor is discharged,

(€100 ns) the free charge in the margin coupled to
ground through stray capacitance is at the orlginel ca-
pacitor potential while the toil is now groundad. This
sitnation cam conceivably produce extremely high local
electrical fields between the free charge in the rargin
and the foll edge. These high clectric flelds car also
produce corons and djelectric degradation,(3,14)

Scanning Elactron Microscope/Yoa Microprobe Obser—

vations

Sections of the damaged dielectric were analyzed
with s scanning electron microscope/lon microprobe sys-
tem. This device allowed identification of the oate-
rials in the sample at atomic levels. The microprobe
results indjcated that the foil edge damage shown in
Fig. 5 as cratering is an orgonic compound similar to
the rolypropylene diclectric, The black material is
suriounded by a large amount of elementary hydrogen gas
and a small amount of atomic oxygen, carbon, and sili-
con, The oxyyen and silicon are probably Lhe result of
dissociation of the silicone oil impregnant. Analysis
of the visible inclusions revealed they were smull hy-
drogen gats bubbles surrcunding black organic compounds
similar to polypropylene, all of which ase {nside the
section of 1-mil polypropylcne film. This damage also
occurred at the foll edge. The lon microprobe analysis
found no aluminum in areas of dielectric degradation.

When the test capacitors wero discharged ot a peak
current of 1 kA in ap BO-ns-wide near critically damped
pulse, and # 1-klfz repetition rate, the D inception
stresy level was observed to be only 875 V/mil. The
onset of these PDs during discharge vas monitored by
the facility diagnostic system as high-frequency infor-
mation on the current trace (that 1s, oscillations) as
showr in Fig. 6. In the test [acility, the presence of
PD is also detectable as very high frequency electro-
magoetic noise on the voltage pulse, '

PD inception is observed as an inteprated effect,
¥hen operating the capacitnr above the inception level,
PD is not observed for scme time, T,, If capacitor op-
eration is halted after time, T, lxd resumed In a few
winutes, PDs are jmunedintely observed, If, however,
capacitor operaticn is halted after VD observation for
longer periods of time, say 24 h, And thken resumed,
there is a delay unti) Ps are apain observed, but the
delay is less than the jailtial delay., This reduction
ip delay time sarnparently continues over many start-stop-
wait test cycles until the PD lnception delay time,

T,, approaches zero. The appearance of I'D is assvmed
t$ be the result of dynsmic surfac: charge effects and
is currently under imestigation, The damage obuerved
occurs at the edge of the foil, and the electric flelds
apparently slio generate gas hy dissncintion of the im
pregnant and nodification of the dielectric in regions
of poor impregnaticon, bulk dielectric flaws, and high
fleld, The rencwable delay time or I'D hysterosis ef-
fect with insctivity may presumahly he related to the

Fig. 6.

Aigh-f{requency, partial-discharge oscillations
evident on tho leading edge of a 80-na-wide
current discharge pulse from a 500-pF polypro-
pylenc capacitor at a 1-kHz repotition rate.

solubility or the gas in the impregnant. The event of
zero PD onset delay after a quiescent period occurs
when the local impregrnant is saturated with gss, After
2ero PD onset time delay, the internal gas pressure in-
creases until the case explodes,

Repetition-Rate Frequency Effects on Jntornal

Partiol Discharges

The presence of PD was nalso found to be o function
of 1nd exhibited a hysteresis effect depondence on the
discharge pulse repetition frequency (PRI), After the
PD incoption time delay, T,, the P'RF was increas=d from
100 [z, where no PNs werc observed, 1o 500-600 llz where
broadening was observed on the current trace. Imn order-
to eatinguish the D, the PRF had to be reduced below
250-350 Hz, This can be tentatively explained again as
an enhanced eloctric fleld at the foll edge that disas-
sociates gan from the impregnant (silicone oil), 1f
the e-folding (1/e¢) delonization time of the gas gener-—
ated by the fici! at the foil edge is on the order of
1 ms, tho res.dual ionization level due tu one dis-
charge pulse would be less than that required to affect
the subscquent pulse ionization level if the subuequent
pulse is spaced 3-ms (330 Hz) or 3(1/e) times later,
1f this hypothesis is valid, discharge pulses spaced
<3 ms apart would generate more lonization and gas
than the previous pulse due to the initial lonizatien
prosent, This hypothesls could also explain tae obh-
nerved hysteresis effect if tho total smolitude of the
fonization procus: increases in time for pulse spacings
less than tho e-folding (1/e) delonization time, 1
this care, the time required for the residual lonlzn-
tion level to decay below that required to influcnce
the next pulse fonization process is longer, even
though the e-folding time is the same,(R,14)

J4fe ve Discharge Pnlse Repetition Frequency

The lite of II'SO capacitors is quite dependent on
the diacharge PRF and is probably related to the ') de-
pendence on PRE, A plot of capacitor life vs PRI
(Figp. 3) finalcutes that the life of a capacitor in-
oreases drastically bhelow ~3500 Hz, the repetition tre-
yuency al which I'ND is chserved,



Once these PPSO capacitors were operated in the FD
rogime, the 1ifc was limited.to approximately 2.8 x 10¢
discharges regardless of PRF, This indicated that PD
damage is accumolative., On the other hand, PPSO capaci-
tors, when operated at lower dV/dt and lower di/dt,

- have functioned for greater than 10'® shots in other
parts of the test facility.

The Welhall distribution snalysis of the faillures
indicated a 3ingle failure mechanism was respon:ible

for fallure, and the failore distribution vas very nar—
row ({1%).

Cepacitor Energy DNisaination

Initially, the dielectric loss and the ESR of the
capacitor was of major concern. However, the energy
dissipated in the capacitors tested was so minimal that
thermal effects were negligible, For comparison, the
temperature rise of a conventional Mylar paper capaci-
tor ils compared with that of a Teflon unit (Fig. 7).
Both units were operated at a discharge PRF of 1 kHz, a
peak current of approximately 1 XA in a 100-ns-wide
pulse. The tost was halted after 42 min when the Mylar
paper capacitor ezploded due to the 65°C temperature
rise compared tu the 4.1°C temperature rise for the Tef-
lon unit. The mica, Teflon, snd PPSO capacitor units
have a dissipative component so small that at present
rms current levels op to 15 A, s maximom of only 10°C
temperature rise above ambient wexe observed.

Data for the mica capacitor were not obtainable,
a3 no units failed under the test conditions available
in the facility., They also passed a 150-kV hi-pot
test.

Present Repetitive Capacitnr Technolory Nase

The performance evaluation of low-inductance types
of capacitors in the 100-ns, 1-kA, 1-kHz regime has
led to the following observations:

® A high-quality, high-frequency diagnostic sys-
tem is easential to observe transients within
capacitors during dlscharge., The high-frequen-
cy CVEs and voltage probes developed for the
system arc required diagnostic tools.,
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Fig. 7. Temperature rise of Trflon and Mylar paper oa-

pacitors operating at 1-%)2 PRI and 100-ns
discharge time,

® PDs aro the main cause of failure in PPSO ca-
pacitors and are detectable during dis-
charge,.(15}

® The PD inception stress level dnring discharge
is aboot 25% of the dc¢ level and is dependent

on time duration of discharge and the pulse
repetition rate.

® Prelinminary teste indicated that Teflon-sili-
cone 0il and mica-paper capaclitors had a longer
1i1fe ic the regime tested than the polypropy-
Jene-silicone oil units, but with lower emergy
density, This is attributed to the impregna-
tion characteristics of Teflon units and fabri-
cation methods of the mica nnits and may not
represent intrinsic limitations,

® Capacitor power losses are negligible for units
designed for this rogime,

® Prescnt fabrication techniques must be modified
to accommodate the tiunsient currents and volt-
sges within the capacitor,

The PPSO capacitors were initially evaluatod in de-
tnil because of the energy denaity potential, their
availability and ‘ow cost, and the assunptizn ‘hat sio-
ilar failure mechanisms would occur in the Teflon and
mica-paper units, but at longer accumulated life.

In the future the Teflon and mica-paper units will
necd to be stressed at higher levels to assess their
lifetimes aud thus determine their charscteristic fall-
ure mechanisms.

Pulse Transfonrmers

One of the major advances in tranrformor technolo-
gy has been the recent development in air-core pulse
trar "“crmers. Ailr covec pulse transformors are typical-
ly fo'und in spplications involving very high peak power
levels (up to 10! W) or ultrahigh rf. ‘They differ
from the morc common irop or ferrite types in that no
ferromagnotic materials are used to channel the mag~
petic flux through the winding to assure flox linkage.
With eir-core transformers, flux linkage le¢ stromgly de-
pendent npon the physical proximity of all turns of one
winding with respect to sll turns of the other winding.
Consequently, tho coupling coefficients of air-core
transformers tend to be lower than magnetic core trans-
formers, particularly with high-gain transformers that
have thick, multilayer windings, however, becsuse alr-
core transformers do not have magnetic cores they are
not limited in current-handling capacity by saturation
of the magnetic materinls or frequency limited by the
composition of the core., Not having core aaturation
and [requency limits are the two mo.t significant ad-
vantages of air-corec pulse trannformers. They are,
thercfore, well suited for uase with large, high-current
primary pulted powes suvarces such as parallel capacitor
banks, which often operato at peak current Jevels of
over A mepamperc and also In such applications as high-
voltage trigpering where the discharge frequency may be
severnl mogahertz, 7Thia discussion will cover only the
genernl types dewigned for hirh-voltage pulse gencuvs-—
tion and energy transfer applications,  Speciul empha-
sin lhas been glven to pulse-charpging tystems that oper-
ate up to the multimegavoll range,

Types of Al Core Transformers

There are two basic typen of high-voltage air-core
pulse trapsformers that cen be operated in the mepavolt
rango. The [irst and most common i the single-layer
helical-wound transformer (Fig. 8). The second ir the
spirnl-artrip type (Fig, 9). ‘These transformors differ
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from each other primarlly in tho configuration of the
secondary windings that, as will later be shown, nc-
counts for a significant difference in thelr resistance
to insulation failure from fast pulses. The primary
windings for either type, however, whether single or
multiple turn, may be decalgned fnm & varicty of ways
sithout affecting electrical! breekdown charscteristics
of the transformers, For reasons of high-voltage isola-
tion, the low-voltage primary winding is typically
placed outside the secondary in ejther type transformer
so that the high-voltage outp.. of the asecondary may be
led out through the center of the assembly.

With helical transformers, high-voltage standoff
betwveen the primary and secondary windings is provided
hy an insulated space between tho windings, Thls sepa-
retion may he uniform or tapered in the longjtudinel di-
rection, When tapercd, the insnlation thicknesn (usuval-
1y oi1) incrosses with the voltage alony the length of
the coils su thut tho electric stross remainsg constant
along the length of the windingsx., With xpiral-strip
trausformers, voltuge stnndoff in largely a functicon of
Lthe radial thickncss of tho secondary winding because
tie primary and secondary turns dircctly overlay each
other, The winding stnck therefere has a pure radial
voltage gradient hetveen the hipgh voltage dnner turns
and low-voltage outer turns. Ji%c holical type trans-
formers, the open volume in spiral~strip transformers
is naually insulated with oil, MNowever, because of the
high winding density, spirsl-stzip windings mvst ordi-
narily be vacuum impregnated to displace alr from the
secondary winding.

Two problems are commen to both types of tranaform-
ers:

® Electrica) brealdorn turn-to-turn or hetween
windings

® Eneryy losses from eddy currents induced in
voltage grading devi~es and structural compo~
neuts that are present in high-voltage trnns-
formers.

Turn-to-turn breakdown is common to helical trans-
formers when psed in chargipg systems for pulse-forming
lines (PFL). This problem arises from fast-risiug
{usually ~10 ns or less) voltage transients gemerasted
by the discharge of the PFLs, which are fed into the
outrut of a direct coupled transformer. The turns of a
helical windlng are inductively and tra:-it time iso-—
lated from each other and so the capacitive components
between torns and from each turn to ground (Fig. 10)
are not sofficient to graode fast-rising transients.
Consequently, a voltage pulse approaching the full am-
plitude of the transient c&n momentarily appear across
the f{inal turns of the secondary and c¢ause breakdown,
This problem was correctcd in the FRIZZ transformer de-
sign(17) by adding a capacitive voltage grading dish
across the output turns of the transformer as shown in
Fig. 11.

By contrast, spiral-strip transformers are inher-
cntly loss prone to breakdown from fast~voltage tran—
sients because the fauterturn capacitance components .re
a1l dircctly in sories to ground as shown in Fig. 12,
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Fig. 12. Equivalent circuit through the thiockness of a
apiral-strip winding.

They are comparatively large because of the large sur-
face area and close spaclng between turns of the spiral
strip. Comnsequently, a fast-voltage pulse is capsci-
tively graded through the thickness of the winding.

The principal weakness of simple spiral-strip windiugs,
however, is thelr tendencv to break down at the thin
edges of the strip. An arc breakdown typically origl-
matrs from the edee of one of the final high-voltape
turus, flashes acroses tha insulation margin, sand closes
the discharge path to the low-voltage primary. Such
breskdowns practically always danage the insulating
film in the margin and leave a heavy carbon path
thyongh the oll,

These edge breakdowns resolt from highly emhsnced
electric fields sssoriated with equipotentials that
emerge from hetween the high-voltage turns and bend
sharply around the odges toward the low-voltage turns
(Fig. 13). The high ficlds can be zignificantly re-
duced and edge breakdown eliminated by placing a coax-—
ial shield across the marginas to shape the equipoten—
tials into a coaxial distribution that is nearly paral-
lel t~ the uniforn ficld through the thickness of the
winding, Fig. 14,

Adding the voltage grading strusturcs to either
type of transformer can lcad to the second major diffi-
cully with alr~core transformesrs, which js increased
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Fig. 14, Coaxial shield across spiral strip trans-
former margin.

eddy corvent losses in the tranaformer grading struc-
tures. Althongh those struotures may bs slotved, wsddy
currents can be induced as illustrated in Fig. 17, o
diagran of eddy currents im cylindrical shields around
the margins of a spiral-strip transformer. The effect
of eddy current shorting Is to decrease tho voltage
gain und coergy transfer efficiency of the transforner
by an smount roughly proportional to the magnitude of
the eddy currenmts. In one instance, cylindrical
shielding reduced the gain of s spiral-strip trans-
former by SR% comparcd to an equivalent unshielded
transforner,.(18)

Electrostatic shielding and grading structure de-
signs must therefore he concerned with making them
transparcnt to magnetic i1lelds, One grading technique
that has been employed snocessfully with transformors
nscd in singlo-shot sarvice is to fill the aopon volume
of the transformer with a resistive liquid such as
water or a solution of water and copper sulfate.(19,20)
In these cases, voltages are resistively graded but the
resiciivity of the solution is sufficiently high so
that no current of sny magnitude can be induced in the
solution during the time of onergy discharge. Resis-
tivo solution grading ls sdequate for single-shot
transformers but less satisfactory for repetitive pulse
applications becsuse of resistive power losses in tke
grading solution,

The uost suocessful method(21) developed for grad-
ing apirsl-strip transfermern is the use of concentric
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Fig. 15. Eddy-current pattern in solid concentric
shields,
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ring cage shielding aoross the margins as shown in Fig.
16. Magnotic fields diffuse freely through the ring
cage without inducing eddy currents in the elements and
yet maintain the proper clectric field distribution in
the margins., Each ring, of course, must have st least
one circamferential gap to prevent current from flowing
in the hoop dirsction of the rings. Spiral-strip
transformers shislded in this manner Lave been operatod
successfully in PFL ocharging applications to 3 HV with
over 90% energy transfer officiency from the primary to
secondary capacitors.(21,22) Figure 17 is a dingraas of
a ring shielded transformer that operates with high ef-
ficiency ()90%) at the multimegavolt level.

JIransformer Circuit Anslypis

Pulse iransformer circuits often utilize capaciter
banks as the primary energy store., Ono of the princi~
pal rensons is that capacitors are capable of develop-

FIBERGLASS CASE
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ing higher peak power levels than any other electrical
device, The transformers in these oircuits must thero—
fore be capable of delivering the intonse primary power
pulse to a load on the secondary at a higher voltage or
higher current with a predetermined transformation ra-
tio. For transformers with perfect coupling, no wind-
ing resistance, and negllgible interturn capacitance
(Fig. 18), a simple set of rolations may be derivaed
that relatie the primary and secondary current (I_, Is)
and voltage (V,, V.) to the primary and secondary :uins
(NP' Ng ) of the transformer:
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Beasic transformer cirecuit.

From these ideal relations, it cam be seen that a
transformer can be used to change current, voltage, or
impedunce. However, because no tronsformer is perfect
und often both the primary and secondary sections of
the circnit have resonart characteristics, the datailed
analysis of such circuits is somewhat more complex.

Of prescnt interest amre trapsformer circoits where
low-voltage capacitor banks are uscd for charging high-
voltage pulse forming transmission lines by means of a
voltage step-up transformer (Fig. 19), Such charging
circulits may be operated in matched- or of f-resonance
modes,(18) but are generally matched as nearly as possi-
ble to maximize energy transfer efficiency. In the
matched frequency mode, that is, with the open circuit
frequenclics of primary and secondnry sections of tue

circult equal (L,C, = Lqu), two cases shown in Fig. 20
are of proctical interest?

® swing charging where maxipum secondary voltnge
i8 reached on the first excursion

® Jual]l resonance charging where maramum voltage
occurs on the second or reverse voltage (xcur-
slon of the secondary.

Analysis shows that any transformer with a cou-
pling cocfficient >0.6 can he adnptod to a dual reso—
nance circuit. Unless the circult coupling is close to
1.0, It is more advantugcous freom the standpolut of
transfer efficlency to operate in the dual resonarce
mode(21) with K = 0.8, With repetitive pnlae systenms,
bigh-transfer efficie.cy {a essential to preventing ex-—
cossive energy dissiprtion in the system components
from residual energy rinping through the system after
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Fig. 19. Basic pulso transformer charging circult,
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Fig. 20,

dischnrge of the secoundary (ap+.itor,

When preperly
tuncd,

dval resouance charging systems will operate
with an overal) efficicncy between Y0 and 95%.(21,22)
Switehes

The proper cholce of switches for a given applica-
tion depends upon both the system requirements and the
specific capsbilitlies and limitations of the switches
under consideration, Gas—insulated apark geps and hy—
drogen thyratrons src two types of switches commonly
ured in sinyle-shot and repetitive pulsed power sys-—
tums, These switches have overlapping capabilitics but
differ in their optimum ranges of voltnge, curreunt,
peak power, repetition rate, turn-on speed (di/dt), re-
covery rate, and operating efficlency.
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In genmeral, spark geps Lave higker curremt, volt—
age, pesk power, and di/dt capabilities than thyra-
trons, but thyratrons are presently capable of higher
average powers, ropetition rates, faster recovery, and
higher operating efficiency in repetitive systems,
These are a few of the factors that must be considered
in the selection of switches for various applications,
Development is preceeding In all sreas of switching,
which will eventurily extend the capabilities of famil-
iar switches such ss spark gaps and thyratrons but
quite possibly result in the introduction of new
switching devices and techniques such a5 ultrafast mag—
netic switches,

Spark Gaps

Gas-insulated spark gaps of verious designs are
vsed in a wide varicty of pnlsed power systems that
range in size from a few jooles to multimezajoules,
erating voltsges range from as low as 1 kV to several
megavoltls and peak currents from a fow tens of Amperes
to several mepamperes. Thus, spark gaps are perhaps
the most versatilo type of currently available high-
voltago zwitchos insofar as their apectrum of appllca-
tions. Spark gaps are mos’. often vsed in single-shot
systems but can recdily be adapted to ropctitive pulse
service by flowing insulating gas through the swiich
volume to carry away shot-to-shot ionization debris.
Flgure 21 is an example of a 60-kV gas dynsmic spark

gap designed by Rohwein to switch 2 kJ at a repetition
rate of 100 Hz.

Op~

In addition to their simplicity and comparatively
low initis]l cost, the principal advantager of spark gup

switches are:

® Fast turn-on time to approximately 102% A/s,

® lligh-current capacity of 100 to 100 kA per cur
rent channe}

® Abillty to conduct ringing discharges

® Yide operating ranpe with internal pressure con-
trol

® Losses limited to ipproximately 5% with micro—
second or louger pulses

A 60-kV vortex-flow gaos dynamic spark gap designed to switch 2 kJ at 100-Hz PRF.

Disadvantages ilpclude:

@ l.ife limited by eclectrode erosion to 107 to 10"
shots

® High-volume gas flow required for repctitive
pulse operation

@ Repetition rate limited to approximately 1 kilz

@ High resistive losses €10 to 30%) for nanasecond
pulse durations

Little progress has been made to date in develop-
ing high-repetition-rate spark gaps heving low commuta-
tion losses, The most recent data show losses from 10
to 30% per pulse and erosion-limitod lifetimes ~107
shots, Erosion in itself as a lifetime factor is ame-
nable to geometrical remedics, such as using consumable
electrodes. Resolving triggering degrudation, Jittcr,
and commutation loss increasing with accumulated shots
are only somc of the factors being very actively inves-
tigated in gas switch research and deveclopment programs
around the country,

Thyratrons

Nigh-nverage power switching is cmerging u» a ma-
jor area in the fleld of pulsed power. To mcect the re-
quirements of long life, high-repetitior rate, and low
loss, the thyratron at present 1ls the only viahle
choice. In addition to the above qualities, thyratrons
requirce leas support equipment than high-repetition-
rate spark gaps and are far more econemical to use,
Arens of present thyratron investipations include offi-
clenc . power and encergy flow, and awitching character—
istics,

Onc of the major problems to date in fast-dis-
chrrpe, kilohertz repetition—rate xpark gap switching
is the large losses experionced Iin the switch, In long-
1ife, high-~rellability circultry such losser are total-
ly unacreptable. The thyratron losses during commuta-
tion in a low-encrgy, fast-discharge circuit have been
weasured.(2) For stored energlcs of 0.5 to 1.2 J, this
loss is 2% at an R0-ns pulse width and a peeak current
of 700 A, as shouwn in Fig., 22. The losses were ob-
served to Jecrease rapidly wi‘h Increasing encrgy, as
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Fls. 22. Commutation and total discharge timé omergy
loss for an FG&G lov-induutunce Lkydrogen thy-
ratron ac & function of euergy stored in tke
capacitor, Tho poak current was =700 A and
the pulsc widcth 80 ns,

oxpected, so that lov-loss switchiny is feasible with
tkyratrons, giving long economical life at high switch-
ing efficiencios. Retention of these low -energy losses
:emlin: to be confirmed at higher energy levels

~1 kJI).

New, compact, short-pulse Llyratroms are currently
under development for 50 to 100-kV nmulclkilovhertz oper-
ation at current x.tes of rise in excess of 103 A/s ut
10- to 100-kA peak-current levels, The newest 3—-in,
low-inductance thyratron currently under detailed
study(3) is shown in Fip. 23, along with tho recently

developed T&M, Inc., integral gurrent-viewing resistor
and di/dt monitor.

Table IT tabulates salient feutures of present thy-
ratron applications,(23)

The pesk stand-off voltage vs pulse current [er
large commercial thyratrons shown in Fig., 24 is tr'en
from T. R. Burkes' extcnsive switching report.(24)

Charcctoriestics of deveclopmental tetrode thyra-
trons are presented in Tablo III, clearly showing the
major advances recently made in the field.

Switeh Summary

Hydrogon thyratrons have many advantages when all}
thinge are considered, No other switch is yct eapalble
of switcning the samo averape power (1 MW) at the ssmo
efficlency (>90%) on s continuous bnsin.(25) Nigh
di/dt and pulse repetition—rate oapabilities along with
reasonably long lite (2,00U0 to 10,000 h) make the thyru-
tron Invaluable in many applications whereln no other
switch has all therec demonstrated capabilitlies,(20)
Even sv, improvements in hydrogen thyretrons are con-
tinuslly being madu.(27)

A further significant juprovement could be nade Jf
a scheme can be found to hettlcer utilize the capabild--
ties of the cathode, Such an iuprovement conuld .end to
higher di/dy as well as peak current capuhllitices. An
improvement in the emissivity of the cathode materin]
would allow higher penk currents to he drawn, Y1 has
been many years uince sipgnificant advancos have becn
made In cathode capabilitles.(28)

The capabilitien of some switehes have been great-
ly increased by the use of optical tripgering Lech-

niques, for example, laser—triggered spark gaps and
silicon-controlled rectifiers. A similar technique may
be npplied to the thyratren. This technique might
elizlnate ths effacts (delay and jitter) incurred by
the necessity of propagating a plasma and pgreatly in-
cremge the di/dt capability and cathode ntilization of
thyratrons,

Higher voltages Iln single-gap tubss have beaen
aci.ieved,.(29) Current packaging technigues do not make
use of this technology. Needs to date h emphasized
low induct:ncc and high-average pover more than voltase
capability. The latter is now becoming an sctive re-
search and development area.{(27)

Numerous appiications requiring very lcw jitters
are arising. Recently, high pressure, low-inductarce

thyratrons have been developed(30) to mecet multikilo—
volt level nuclear particle diagnostic zequirements for

Fig. 23. Lew-inductance thyratron with intogral con-
mereial current-viewing resistar and di/de

monior,
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large commercial thyratrons.

stable delay time, fast switches, Tn Fig. 25 the sys-
tem jitter from input to 5-kV high-voltage output is
presented ar a function of thyratron pesk trigper voli-
age. Recent measurements have demonstraivd system peak-
to-peak jitters of significantly less than +30 ps,

This opens previous single-shot areas tv repetitive
operation in many accelerater amnd laser applicaticns,

INSULATION

The environment in which high-voltage cumponents
are placcd does have thermsl as well as electrical
breakdown leplications, Generally, most developmental
hiph-repetition-rate aystcems employ oil cather than gas
for insulation in order tu achieve adcquate component
coolinp, For high-voltage transforarer oil, such ss
Shell DinlaX, the diclectric strength s s function of
watry roa'omination Is §)loatrated(d1) In Fig. 26.
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Severnl general suzgastions in do and low-
fregquency ac insulaticn are:(31)

® Design for 30,000 ¥V peak per inch,

® Closer apacings require insulation barriers bde-
twee.. high-voltage point and grouad.

® 0il expsnsion with temperature is signifizant,

® Forelgn matter can contsminate the oll (for ea-

ample, wvax~covered couponeata, dirt, paint,
etc,.).

® Displace air in tsnks with dry nitrogen or ar-
gen,  (I'reons can he vsed but absord 10,6-un ra-
diaticen,)

® Uverstiesgling caunes whirlponling und can lead
to internal arcs [row particulate chuining,

Proper application ~f spsulsting waterials is alao
an essential considerativn in the deslgn of high-volt-
are pulse transicrmers. At 2 minimum, it ls necessary
to know the effective dieleciric strength of *he mate-
rinls and the voltage ntresses that they will be sub-
Jected to In Jervice, 1In reality, these twyu sapects
are 8 cunplex of many factors, (he details of which ave
beyond th scope of this paper,(B) It ja unetnl, how
ever, Lo svmmarisr aone of the peneral characteristavn
anid modes of failure of diclectric materiala,

For pulae transformern, the typen of materials
mortl conmonly used are Tigquide and [11a or cavt aolidy,
uaustly ¢n combinatians, Fallure in o @ lnvariably
frads Lo Influre §n all, The initjating sniam cal
be proapt in nature such an bhulk brca

over-
stresaing or gradual an 2 pesult of de s loration ol
dielectric stuirngth zem M, The provess of dielee-

tric deteriaealton from Ms primanily includen gas pro
duction in the Tiguids, which enr Jead to hreakdown

from pasecus inclusions and cronion of solide in con
tact with the liguida.

Three characterintice common to Lignid and snlid

dielectrics used fn pulsed voliage applications in
clude;
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Fig. 22. Coumutatlion and lota) discharge time ene-vy
loss for an FGA6G lnw-andurtunce hydiogen thy-
ratron ss & furation of encrgy stored in the
ceapacitor. The peak gurrent was =700 A and
the pulse width R0 ns,

eapected, so that lew-loss seitehin: oy feansdle with
thyratruas, giving lur» ecoremacai 10 at hiph awitel
Ing efficieniien, Hetention of Cerae v snersy |oanes
remaine 2o he contaiemed at hagher eperr; levels

(-1 L1),

New, coupact, short pulae 1':ratrons are curientle
under develugment for $9 to 150 % pult ol ity apet
AtIuvD &t current rates o rise tnoese=as of 1 Asaog
10~ to Jon L\ peak-cutrent levels, The newsst U an,
Tow-indactance thyratron curcentls under detarled
study(1) as shown tn Fap, 23 slons with the peoent's
developed 15, Tre., Integio ] carrent viewirg resister
and di/dt semitar,

Table 1T tavalatey sadient lentures of jairser? the -

ratron applieations, (23)

The peak stard of f voltnee va pubas carpent jor
larpe comnercaal thyratrons shoen dn Tag, 24 s t-hen
veom T, R, Burles’ entensive awitehing veport, (24)

Characteristicn of develop=entai tettidr thyry
trons are presented In Takle 131, clenr!v slowing the
majur advances rerently nade in the field,

Switeh Summary

Nydrogen thyratyons have many mdvarleges whiep ni)
things arc ronsidered, No nthov awitoh g8 yet eapablis
of switcning, the same averarny power (1 ¥8) st the sem
afiffciency (X™MA) on & continuens havis, (2% Mgk
di/d1 and pulse reperitiun-rate capohilitjios alvnz wii),
reasonably Jong life (X000 1o 10,000 B) made the thyea
tron fuvalual “e in wany applicatione whetrein nn othe g
awiteh han all thesr demonsteated copabilitios ling
Evetn su, improvements in hydrogen thyrvi tions ave gon
1inually bueing wade, (21)

A turther significant tuprovinent conld be pede Bt
s schrre com he frend Yo hetter uttlaze th: capabialid
ties ol the cathode, Buch an tpiotiment coull lead te
higher di/dt aw well as pead current capabilities, An
fmprovement in the emiscivity of the cathnds naterind
woLld allow higher pead currents (o he drnwn. 11 haa
bean wany yrars alnce tigniticant advances have heen
mede in eanthode vapabtfrties, (2K}

The capahilities of aome awitches have heepn preal
1y Incrienned b, the wse of wptical trigaerring tevh

nicues. for exszple, laser-trisgesed spark gaps and
s1licin-cort:cled reeritier:, A similar techoigue =y
be appl:ied tou the thyratren, Tlis techiigie magat
eliminate the effecte (delay and jitter) irncurred ay
the cecessity of prevagn?ing a plasea snd greatly gn
crepnc tte di’dt capability aund cathode wtalizatice of
tlvratrous,

Aigker voltages lu siraie zap tihes Lave been
pchieved,(29) Curreet paclaging techrnic es do net mske
use of this technoleey, Needs to data have emphasyizcd
low inductance and high avernge poser more thano valtlaze
capatiinng., e lattler 18 now hecening an sctive ye-
search and develogment area,(27)

Nuserous applicatians rtequiviug sery low diteers
are ariclrz. Recert!y, higu pre~sute, law-1rductarie
thyratrons have heer develcpedi ') to meet Pu)rahile-
volt lrvel niclear particie dinguoatic requirerents fir

Fig, 23, tue inductance thyratton with integral vem

mravinl vorvent viewing cenintor and AU70Y
munitar,



TANLY IV

T OOASIT OF PAFTIAL DISCHARGES IN VARIOUS OILS
’ TEATLD IN LAMINAGE STRUCITTFS

Dry Degasuid RNarrel-Fresh

Condition Condstiva

kV/¢m MWe=_
Mireral oil (inhibited) 328 250
X-ray oil (Marcol 2930) 590 s10
Silicore oil (Dow Corning 200) 360 Jos
MIPQ (Monmsarto 1238) 620 410
DAA (HI501. SAS 101) 460 LTS
Paraffin il (Rll~p) 880 380

where

Vo is tke total voultage acruss the slectrodes, RV

E‘ sad 1, sre the voltage sizesses in peterials 1

s, snd ¢, are the diclectric coenstants of materinls
1 and 2

d, and d, sre the thicknesscs of materinls 1 and 2.

Considerable caution must be ecxercisrd in inter
sretiaug diclectine strenpth and PD datu becawse of dad
ferences fn test conditions, Factess alresdy mentioned
suck a» pulas tiee, sample thickness, and ares can
yield reasults that dafier by as much ar an ord r of
magritide. This can he seen by comparing the CIV [
silacone and mireral oil reported by Kuwahata et al,,
(37) with that obtsined in the lemirate tesats. In the
f11st case, mesarurements wore mad: using cluve spaced
needle 7! ine electrodes with applied voltages wrtwern
I8 and M AY,  This resulted in a CIV of 2370 AV/en fer
s1lie 'ne oil and 3820 AV/em for minersl oal, Witk tie
lamirnil. , which were 1 cm thich and tested ohave
A00 AV, the onset of Pic was vbaerved at Ye0 X\V/em [
silrcone oil and 3124 xV.cn for minersl oll with hoth
alla in the dry depussed condition, These twn sectn of
resulis enrhasiar the necersity of aearching fur data
or cenducting Lests as near as possihle to the actual
aervice conditions that dicleetrics will eaperience,
Lacking suth npecific datn, most common inaulating
Tiquids ruch as mineral obls, parafiin hase otln, and
aflivone of's can be repetitively stressed 1o at leant
180 AV/cm withoul enccuntrring bull hreakdown ur N
probleas, 11 the oils are carefully filter=d to remove
patticle matter Insper than § pm amd are degssaed b
fore use, the magin of satety can be increaned i at
least MA,  ¥Yhen the high=ast poasible perfoinshee wust
be obiained from an Insnlstiun avalen, theie io no al-
ternative 1o ronducting teala g acar 4y pusaible 1o
antacipated service conditions,

CONCLUDING REMARE S

The emergiry derands for high el iabiljiy powes
conditi-niapy conpinsniy ot nultineparatt poner Jevels
will gequite the continued rearnich and davelopment of
new (lavaey of Jow Joow rlementa such as coapacitorn ~nd
swjtihen, This overview paper han sought to peerent
arme ol the technlagy bawi drvelopment under ey in
thiv conntey and 1o 1] luntrate haw different types of
tife dJirtting elfercts ntart to cone into play as pular
widths are shurtened and repetition raten are in-
creaced, Multiyves) lifetime rompunents will demand the
same o mote arsearch and development as waa eapended

in the past to create higk-relindility components for
radar modalator and aerospace applications.
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